Several samples from the homogeneity range of the solid solution Dy 1-x Ho x Cu 5 Sn (x = 0-0.1) were prepared by arc melting of the elements and annealed first at 1100 K and then at 870 K. The crystal structure of DyCu 5 Sn was solved from single-crystal X-ray diffraction data, and Rietveld refinements of X-ray powder diffraction data were carried out to analyze the evolution of the lattice parameters in the solid solution. The Dy 1-x Ho x Cu 5 Sn phase crystallizes with the structure type CeCu 5 Au (an ordered variant of the CeCu 6 type). The replacement of Dy by Ho is accompanied by a decrease of the volume of the unit cell. The magnetic behavior of the Dy 1-x Ho x Cu 5 Sn intermetallics was studied by magnetic susceptibility (χ) measurements in the temperature range 1.8-400 K. Contrary to earlier reports a paramagnetic Curie temperature of -3.9 K was found for DyCu 5 Sn, but the magnetic behavior of the sample Dy 0.9 Ho 0.1 Cu 5 Sn, with a critical temperature near 0 K, can be described by a quantum phase transition associated with an antiferromagnetic transformation.
Introduction
Two series of ternary compounds with high Cu content have been reported in most of the rare earth-copper-tin systems, i.e. R 1.9 Cu 9.2 Sn 2.8 (R = Y, Ce-Sm, Gd-Lu) with a hexagonal structure related to the CeNi 5 Sn type [1] , and RCu 5 Sn (CeCu 6 -type structure), which forms with all rare earths except Lu [2, 3] . Another study of the RCu 5 Sn stannides with R = La-Gd [4] by the singlecrystal method showed crystal structures corresponding to the CeCu 5 Au type (ordered variant of the CeCu 6 type) [5] . The structures of both series, R 1.9 Cu 9.2 Sn 2. 8 and RCu 5 Sn, are related to the binary CaCu 5 type.
Among the RCu 5 Sn stannides with light rare earths, magnetic properties have been studied for CeCu 5 Sn and PrCu 5 Sn [2, 4] . CeCu 5 Sn orders antiferromagnetically, while PrCu 5 Sn is in a nonmagnetic ground state. Studies of the magnetic properties of the RCu 5 Sn series of intermetallics where R = Gd-Yb, in the temperature range from 2 to 300 K [3] , indicated that the stannides with Gd, Tb, Dy, Ho, and Er order antiferromagnetically at low temperature. In contrast, TmCu 5 Sn and YbCu 5 Sn do not exhibit magnetic ordering down to 2 K. Electrical resistivity data indicated metallic type of conductivity for all the studied stannides where R is Y, Gd-Tm [6] . The magnetic ordering observed earlier for the GdCu 5 Sn, TbCu 5 Sn, and DyCu 5 Sn compounds was confirmed by electrical resistivity measurements.
It is worth noting that in [3] the paramagnetic Curie temperature θ p of DyCu 5 Sn was found to be equal to 0 K ("ideal" paramagnetism). Such compounds can be potential candidates for the search for new quantum materials, because the properties of these systems are uniquely defined by quantum mechanical effects. Taking into account the literature data we decided to investigate the structural and magnetic characteristics of DyCu 5 Sn modified by Ho. The aim of the present work was the detailed investigation of the solid solution Dy 1-x Ho x Cu 5 Sn (x = 0-0.1).
Experimental details
Alloys were prepared by weighing appropriate amounts of Dy and Ho metals (purity 99.9 wt.%), Cu metal (purity 99.99 wt.%), and Sn metal (purity 99.999 wt.%). The charges were arc-melted under purified, Ti-gettered, argon atmosphere, using a nonconsumable tungsten electrode and a water-cooled copper hearth. The ingots were sealed in Ta tubes and annealed in evacuated silica ampoules first at 1100 K for 120 h and then at 870 K for 720 h, and subsequently quenched in ice water. Phase identification and refinement of the lattice parameters were performed on room-temperature powder X-ray diffraction data (image-plate Guinier camera Huber G670, Cu Kα 1 radiation, λ = 1.5405 Å), using LaB 6 as internal standard (a = 4.15692 Å).
The crystal structure of DyCu 5 Sn was determined on an irregularly shaped single crystal isolated from a centrifuged sample, the quality of which had preliminarily been checked by Laue photographs. The intensity data collection was performed on a Rigaku AFC7 diffraction system equipped with a Mercury CCD detector using Mo Kα radiation (λ = 0.71073 Å). A numerical absorption correction of the reflection intensities was performed based on an optimized description of the crystal faces [7] .
The WinCSD program package [8] was used for crystal structure solution and refinement, for singlecrystal and powder diffraction data.
Magnetic susceptibility measurements were carried out in magnetic fields of up to 70 kOe in the temperature range from 1.8 to 400 K, using a magnetometer MPMS 3, Quantum Design on multicrystal agglomerates.
A cross section (0.5×0.5 mm 2 ) of an annealed sample was prepared by grinding (SiC) and diamond polishing using alcohol-based lubricants suitable for water-sensitive materials. Light optical (Zeiss Axioplan 2) and scanning electron microscopy (SEM, Philips XL30) images were taken. The local chemical composition of the samples was determined by semiquantitative energy-dispersive X-ray spectroscopy using an EDX system (Bruker, Quantax 400) attached to the SEM. An Φ(ρz) matrix correction was applied to calculate the local mass concentrations from the measured X-ray intensities. Final atomic concentrations were evaluated after normalizing and averaging on three measurements.
Results and discussion

Crystal structure
The microstructure of the sample with nominal composition Dy 14.3 Cu 71.4 Sn 14.3 was mainly formed by the target phase DyCu 5 Sn (Fig. 1 ). The EDX spectra solely showed the presence of the expected elements. The composition of the majority phase as obtained by EDX, Dy 14.28(2) Cu 71.41(3) Sn 14.31(2) (uncertainties were calculated from three measured points), agrees well with Dy 14.3 Cu 71.4 Sn 14.3 , obtained from the crystal structure determination. Traces of tin metal were observed on the grain boundaries of the majority phase.
Analysis of single-crystal X-ray diffraction data for DyCu 5 Sn indexed on an orthorhombic lattice (a = 8.20467 (9) , b = 4.96952 (5) , c = 10.5733(1) Å, from powder X-ray data with LaB 6 as internal standard) led to the possible space groups Pn2 1 a and Pnma. The structure was solved in the centrosymmetric space group Pnma by application of direct methods. Crystallographic information and details of the data collection are given in Table 1 . Atomic coordinates and displacement parameters for DyCu 5 Sn are presented in Table 2 and Table 3 . The interatomic distances within the coordination polyhedra are listed in Table 4 .
The coordination polyhedra of the atoms in the structure of DyCu 5 Sn are shown in Fig. 2 . Previous structure refinements [3, 9] with R = Gd and Er showed a small deviation from the 1:5:1 stoichiometry, giving a composition RCu 5-x Sn 1+x . According to the refinements performed in this work, the DyCu 5 Sn with CeCu 5 Au-type structure is characterized by an ordered distribution of the atoms, which corresponds to the formula RCu 5 Sn.
The crystal structure of the solid solution Dy 1-x Ho x Cu 5 Sn was refined on X-ray powder diffraction data. According to the refinements this solid solution crystallizes with the same CeCu 5 Au type. The lattice parameters refined on samples within the homogeneity range are listed in Table 5 . Observed, calculated and difference X-ray patterns of the (Dy 0.9 Ho 0.1 )Cu 5 Sn sample are shown in Fig. 3 . . 3 Observed, calculated and difference (bottom) X-ray diffraction powder patterns of (Dy 0.9 Ho 0.1 )Cu 5 Sn.
Magnetic properties
The magnetic behavior of the DyCu 5 Sn and Dy 1-x Ho x Cu 5 Sn intermetallics was studied by magnetic susceptibility (χ) measurements in the temperature range 1.8-400 K in a static magnetic field. From the 1/χ(T) dependence the paramagnetic Curie temperature θ p was determined and the effective magnetic moment µ eff was calculated. The temperature dependence of the inverse magnetic susceptibility for the DyCu 5 Sn compound is shown in Fig. 4 . In the paramagnetic region, the magnetic susceptibility follows the Curie-Weiss law and only the Dy 3+ ions determine the magnetic behavior. The calculated effective magnetic moment per formula unit is close to the value of the free Dy +3 ion (Table 6) . A pronounced maximum characteristic of antiferromagnetic ordering is observed at T N = 13 K. The field dependence of the magnetization up to 70 kOe at 1.8 K for DyCu 5 Sn (Fig. 5 ) showed that magnetic saturation is not reached in the maximum applied field. Below T N the compound exhibits a metamagnetic transition with a critical field of about 12 kOe, which correlates with antiferromagnetic ordering.
The temperature dependence of the inverse magnetic susceptibility for the Dy 0.9 Ho 0.1 Cu 5 Sn sample is presented in Fig. 6b . The composition dependencies of the paramagnetic Curie temperature and the unit-cell volume are presented in Fig. 6a , and the values of the lattice parameters and the paramagnetic Curie temperature for the Dy 1-x Ho x Cu 5 Sn samples are listed in Table 5 . 
Conclusions
The crystal structure of the ternary compound DyCu 5 Sn was studied by single-crystal X-ray diffraction and the crystal structure of the solid solution Dy 1-x Ho x Cu 5 Sn by X-ray powder diffraction. The analysis of the crystal structure confirmed the ordered CeCu 5 Au type for DyCu 5 Sn.
The magnetic measurements performed in our work confirmed antiferromagnetic ordering at T N = 13 K for the compound DyCu 5 Sn. However, in contrast to the conclusions drawn in [3] , the value of the paramagnetic Curie temperature, θ p = -3.93 K, differed significantly from 0 K. The value of the effective magnetic moment µ eff = 10.60 µ B calculated from the temperature dependence of the magnetic susceptibility is in good agreement with the theoretical value for the free Dy 3+ ion. The value of µ eff reported for the same compound in [3] was slightly higher (10.90 µ B ).
The replacement of Dy by Ho in the CeCu 5 Autype structure is accompanied by a decrease of the unit-cell volume. The magnetic behavior of the sample Dy 0.9 Ho 0.1 Cu 5 Sn, with a critical temperature of about 0 K can be described by a quantum phase transition associated with an antiferromagnetic transformation.
